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obesity; inflammation; insulin resistance OBESITY IS BECOMING A WORLDWIDE EPIDEMIC due to lifestyle and dietary changes and can lead to a decline in life expectancy (26, 30) . Obesity is associated with increased intracellular lipid storage in adipocytes, causing expansion of adipose tissue and ensuing adipocyte dysfunction (9, 12) . Adipocyte dysfunction is associated with numerous pathologies, including chronic low-grade inflammation, insulin resistance, type 2 diabetes, and cardiovascular disease (9, 12) .
Increasing evidence suggests that a contributing factor leading to adipocyte dysfunction is endoplasmic reticulum (ER) stress. The ER is a highly specialized organelle responsible for protein and lipid biosynthesis. However, when nutrients are in excess, the ER becomes overwhelmed and an accumulation of misfolded proteins occurs, leading to activation of the unfolded protein response (UPR) (9, 12) . The UPR signals through three sensors: RNA-dependent protein kinase-like ER-regulated kinase (PERK), inositol-requiring enzyme 1␣ (IRE1␣), and the activating transcription factor (ATF)6. Activated PERK phosphorylates the eukaryotic translation initiation factor 2␣ (eIF2␣) to attenuate protein synthesis and increases ATF4 translation to increase ER-dependent gene transcription. Activated IRE1␣ and ATF6 upregulate expression of protein chaperones important for protein folding [i.e., binding immunoglobulin protein (BiP)]. ATF6 also upregulates X-box protein-1 (XBP-1) mRNA, which is then cleaved by the IRE1␣ response arm to further increase protein chaperone content and increase transcription of genes for ER biogenesis. Additionally, ATF6 upregulates genes important for the ER-associated degradation response that promotes clearance of excess misfolded proteins. Furthermore, Wolfram syndrome 1 (WFS1) is often upregulated by XBP-1 to mitigate the ER stress response in part through downregulation of ATF6 (10, 11, 17) . If ER stress is prolonged, the UPR can induce apoptosis via several mechanisms [i.e., ATF4-induced upregulation of CCAAT/enhancer-binding protein homologous protein (CHOP) and ATF3].
Obesity-associated ER stress can lead to inflammation, loss of pancreatic ␤-cell function, and insulin resistance (2, 9) . Major inflammatory pathways are activated by ER stress in part via phosphorylation and activation of c-Jun NH 2 -terminal kinase 1 (JNK1), activation and nuclear translocation of nuclear factor-B (NF-B), and accumulation of reactive oxygen species. Thus the ER is a proximal site that may activate critical pathways important for obesity-induced inflammation and insulin resistance. In support of this concept, increased ER stress responses have been observed in adipose tissue from insulin-resistant obese human patients and mice (3, 13, 27, 28, 34) , and caloric restriction of both obese patients and mice can attenuate this response and restore insulin sensitivity (13, 39) .
12/15-Lipoxygenase (12/15-LO) is an enzyme that converts arachidonic acid by oxygenation to form lipid proinflammatory products, including 12-hydroxyeicosatetranoic acid [12(S)-HETE] (8). 12/15-LO expression is upregulated in adipocytes from mice fed a high-fat diet and from insulin-resistant Zucker obese rats in vivo (6, 7) . 12/15-LO also induces inflammation, insulin resistance, and ␤-cell damage in vitro and in vivo, leading to whole body metabolic dysfunction (6 -8, 25, 33) . Deletion of 12/15-LO in C57BL/6 mice reduces inflammation in adipose tissue, prevents insulin resistance, and preserves ␤-cell function in mice fed a high-fat diet (25, 33) .
Given that obesity is associated with ER stress and 12/ 15-LO is expressed in adipocytes, we sought to investigate whether one mechanism by which 12/15-LO promotes inflammation is by mediating ER stress signals in adipocytes. We utilized the in vitro model of 3T3-L1 adipocytes and 12/15-LO-deficient mice to demonstrate that products of 12/15-LO can induce ER stress and that inhibition of 12/15-LO activity can abrogate the ER stress response. ) (Invitrogen); ␣-tubulin (Sigma-Aldrich). Mouse IL-12p40 cytokine was purchased from R & D Systems (Minneapolis, MN). A primary antibody to 12/15-LO was raised to a peptide derived from the sequence of 12/15-LO in our laboratory (18) .
MATERIALS AND METHODS

Reagents
3T3-L1 cell culture and differentiation. 3T3-L1 preadipocytes were fully differentiated into adipocytes, as described previously (6) . Briefly, 3T3-L1 preadipocytes were grown to confluence, and at 2 days postconfluence (day 0) differentiation was induced with dexamethasone (0.25 M), isobutylmethylxanthine (0.5 mM), and insulin (1 g/ml) for 2 days. After this, insulin was maintained for 2 additional days. All experiments were performed on day 10 -12 differentiated 3T3-L1 adipocytes, and cells were kept overnight in DMEM containing 1% FBS prior to experimental treatment.
In vitro cell treatments. For H(P)ETE and tunicamycin experiments, cells were washed and incubated with DMEM (3T3-L1 cells or isolated mouse adipocytes) or CMRL medium (isolated mouse pancreatic islets) containing 0.2% BSA for 2 h before treatment with 10 nM HETE or 1 nM 12(S)-HPETE products (or ethanol solvent control), 5 M tunicamycin (or DMSO solvent control), or 2.5 ng/ml IL-12 cytokine (or water control) for 4 or 24 h. H(P)ETEs were added every 8 h because of their labile nature. Cells were incubated with 0.1 M CDC, 10 M LSF, or 10 mM PBA 2 h prior to and during tunicamycin treatment. For IL-12-neutralizing experiments, 2 g/ml IL-12p40 antibody was added to cells.
Animals and treatments. Male C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME), and 12/15-lipoxygenase-deficient (12-LO KO) mice were originally a generous gift from Dr. Colin Funk (1, 36) and maintained as a colony in our laboratory. The 12-LO KO mice have been backcrossed to the C57BL/6 background for at least six generations prior to inbreeding for homozygosity in the experimental mice (25) . Mice were housed in a pathogen-free facility at Eastern Virginia Medical School (EVMS), and all experiments were performed in accordance with an animal study protocol approved by the EVMS Institutional Animal Care and Use Committee. Mice were placed on a normal chow or high-fat diet (D12331, consisting of 58% of calories from fat, 16.4% of calories from protein, and 25.5% of calories from carbohydrate, primarily sucrose; Research Diets, New Brunswick, NJ) beginning at 8 wk of age for 16 wk (5 mice/experimental group).
Isolation of white epididymal adipocytes. Isolation of white epididymal adipocytes was based on a previously described protocol (42) . Briefly, mice were euthanized by CO2 asphyxiation. Epididymal fat pads were removed and minced into fine pieces in Krebs-Ringer-HEPES-BSA buffer (3 mmol/l glucose, 20 nmol/l adenosine, and 10 mg/ml bovine serum) with 1 mg/ml collagenase. Collagenase digestion was performed at 37°C for 1 h in a shaking water bath. Once digestion of adipose tissue was complete, the cell suspension was filtered through a 0.4-mm Nitex nylon mesh (Sefar America, Kansas City, MO) and washed several times in Krebs-Ringer-HEPES-BSA buffer, and the adipocytes were allowed to float and processed for RNA extraction.
Islet isolation. Mouse pancreatic islets were isolated following euthanization, as described previously (4, 25) . Briefly, the pancreas was perfused through the common bile duct with 5 ml of 1.4 mg/ml collagenase P and then removed and incubated at 37°C for 8 -11 min in 1 ml of Hanks' buffered salt solution. Following incubation, pancreatic tissue was centrifuged, resuspended in Histopaque 1077 (Sigma-Aldrich), and centrifuged again to separate islets from acinar tissue. Islets were then processed for RNA extraction.
RNA extraction and real-time PCR. RNA from adipocytes was prepared using the RiboPure kit (Ambion, Austin, TX), and RNA from islets and liver was prepared using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. cDNA was made from 5 g of total RNA using MMLV reverse transcriptase (Invitrogen) in a 20-l reaction volume using random hexamers (Invitrogen). For quantitative measurement of PCR products, 3 l of the cDNA reaction (5-fold diluted) was used as template for PCR with Jump Start Taq Polymerase (Sigma-Aldrich) in a reaction volume of 25 l for PCR. Primer oligonucleotides (see Table 1 ) with SYBR Green I (Molecular Probes, Carlsbad, CA) or Taqman probes were used for PCR. All thermal cycling was performed using the CFX96 Thermal Cycler (Bio-Rad, Hercules, CA). All reactions were performed in triplicate, and the data were normalized to the actin housekeeping gene and evaluated using the 2 Ϫ⌬⌬CT method. Expression levels are presented as fold induction/downregulation of transcripts of respective genes relative to control.
Protein extraction and Western blot analysis. Adipocytes were harvested in SDS gel loading buffer containing leupeptin (5 g/ml), aprotinin (5 g/ml), PMSF (1 mM), sodium orthovanadate (1 mM), benzamidine (1 mM), sodium fluoride (50 mM), and DTT (25 mM). The lysates were sheared by passing through a 20-gauge needle. Equal quantities of protein were separated by SDS-PAGE, transferred to PVDF membrane, and probed at 4°C overnight in primary antibody. Detection was performed with secondary HRP-conjugated antibodies and ECL plus (GE Healthcare, Piscataway, NJ) according to the manufacturer's instructions. Western blot quantitation was performed by measuring protein band intensities using ImageJ software. Protein expression levels were normalized to actin or tubulin and presented as fold induction/downregulation of band intensities relative to control. Most bands represented for Western blots in the figures come from the same gel; however, samples run on more than one gel are indicated in the figures and figure legends. In cases where multiple gels were run, an identical set of experimental replicates was run on each gel, and intensities normalized to this sample so that samples could be compared across gels and thus compensated for transfer efficiency. Moreover, exposure levels are the same for each antibody compared across gels since multiple gels were processed at the same time and exposed on the same film. Finally, each band is presented singly in the figures since multiple samples were run on a gel and thus were not contiguous.
Measurement of 12/15-LO activity and IL-12p40 secretion. 12/ 15-LO activity was determined by measuring 12(S)-HETE secretion by 3T3-L1 adipocytes into culture media. 12(S)-HETE was extracted from culture media, and levels were measured using the 12(S)-HETE Enzyme Immunoassay Kit (Enzo Life Sciences) according to the manufacturer's instructions. Total IL-12p40 (IL-12p40 subunit and IL-12p70) was measured in media from cultured 3T3-L1 adipocytes or mouse serum using the IL-12 Platinum ELISA kit (eBioscience) according to the manufacturer's instructions.
Data analysis. Data are presented as means Ϯ SE. Student's t-test was used to establish statistically significant differences between samples. A P value of Ͻ0.05 was considered to indicate statistically significant differences.
RESULTS
12/15-LO modulates the ER stress response.
To determine whether 12/15-LO may play a direct role in ER stress in adipose tissue, we added the major enzymatic product of 12/15-LO, 12(S)-HETE, to the well-established in vitro model of fully differentiated 3T3-L1 adipocytes. Our previous study demonstrated that addition of 10 nM 12(S)-HETE is able to induce inflammation and insulin resistance in 3T3-L1 adipocytes (6) . Given this, we assessed the ER stress response when 3T3-L1 adipocytes were treated with 10 nM 12(S)-HETE compared with ethanol solvent control for 24 h. Significant upregulation was observed for WFS1 (1.5-fold), total (1.4-fold) and spliced XBP-1 (1.6-fold) mRNA and ATF4 (1.3-fold), phosphorylated-IRE1␣ (3.2-fold), and BiP (2.3-fold) protein (Fig. 1, A and B) . Apoptosis was not induced under these conditions (data not shown). We also added 1 nM 12(S)-HPETE, which is the transient but more potent precursor lipid to 12(S)-HETE, for 24 h and observed similar results (Fig.  1C ). In addition, 12(S)-HPETE was able to significantly increase phosphorylated PERK (1.6-fold) and ATF6p50 (1.6-fold; the cleaved active form of ATF6) and also showed a trend to increase phosphorylated eIF2␣ (1.7-fold) (Fig. 1C) . However, treatment of 3T3-L1 adipocytes with the inactive 12(R)-HETE analog or the minor 15(S)-HETE lipid product generated by 12/15-LO did not induce noticeable changes in ER stress gene expression (data not shown). Thus products of 12/15-LO, 12(S)-HETE and 12(S)-HPETE, can lead to induction of several key ER stress markers particularly important in all UPR branches of the ER stress response.
To further dissect the role of 12/15-LO in mediating ER stress, we added the well-known ER stress inducer tunicamycin, an N-glycosylation inhibitor of de novo protein synthesis, to 3T3-L1 adipocytes. These cells were pretreated for 2 h and incubated with the 12/15-LO inhibitor CDC (0.1 M). As expected, addition of 5 M tunicamycin for 24 h led to significant upregulation of mRNA for many ER stress markers, such as BiP, CHOP, WFS1, total XBP-1, and spliced XBP-1 ( Fig. 2A) . Pretreatment with CDC significantly ameliorated ER stress induction of BiP and spliced XBP-1 ( Fig. 2A) . Most interestingly, tunicamycin upregulated 12/15-LO mRNA (1.9-fold) and significantly increased 12/15-LO protein (1.9-fold) expression (Fig. 2, A and B) . In addition, tunicamycin significantly increased secretion of 12(S)-HETE from 3T3-L1 adipocytes into the culture medium, indicating that 12/15-LO activity is upregulated (Fig. 2C) ; this effect was significantly prevented by addition of the chemical chaperone, PBA (10 mM) , that is known to alleviate ER stress (Fig. 2C) (28) . These data indicate that 12/15-LO activity is upregulated upon ER stress and that inhibiting 12/15-LO activity can partially abrogate many aspects of the tunicamycin-induced ER stress response.
Furthermore, ER stress can lead to insulin resistance, and we have shown that addition of 12(S)-HETE to 3T3-L1 adipocytes leads to impaired insulin signaling by decreasing IRS-1 and protein kinase B (Akt) phosphorylation (6) . We tested whether inhibiting 12/15-LO activity could decrease insulin resistance induced by tunicamycin. Indeed, after 3T3-L1 adipocytes were treated with 5 M tunicamycin for 4 h, phosphorylation of IR, IRS-1, and Akt were decreased, and addition of CDC was able to significantly improve insulin signaling in tunicamycintreated 3T3-L1 adipocytes (Fig. 2D) . However, after a 24-h incubation with tunicamycin, phosphorylation of IR, IRS-1, and Akt was reduced dramatically, and CDC pretreatment was not able to significantly improve insulin signaling (data not shown). Therefore, these data suggest that 12/15-LO may play a role in the early stages of ER stress-mediated insulin resistance, but clearly, other factors are involved as ER stress progresses.
To confirm a role of 12/15-LO in mediating the ER stress response, we isolated epididymal adipocytes from 8-wk-old male wild-type C57BL/6 (BL6) and 12-LO KO mice, incubated the adipocytes with 5 M tunicamycin for 4 or 24 h, and analyzed mRNA expression of key ER stress genes (Fig. 6, A  and B) . A more pronounced effect was seen after the 4-h treatment in which 12/15-LO deficiency significantly decreased tunicamycin-induced expression of all ER stress genes examined (Fig. 6A) .
Data generated from the tunicamycin experiments suggest that 12/15-LO activation may be a downstream event of ER stress induction. However, given that 12/15-LO products can increase ER stress gene expression and that loss or inhibition of 12/15-LO leads to an attenuated ER stress response, 12/15-LO may also be an initiator of ER stress. Therefore, 12/15-LO may play a role in inducing ER stress and is further upregulated in a feedforward manner by ER stress.
IL-12 signaling is a component of the ER stress response. We and others have shown previously that 12(S)-HETE induces IL-12 expression in 3T3-L1 adipocytes and that 12/15-LO-deficient macrophages are defective in IL-12 production (6, 7, 44) . Given that 12/15-LO mediates ER stress and acts through the IL-12 pathway, we investigated whether the IL-12 pathway is upregulated by ER stress. Indeed, tunicamycin significantly upregulated IL-12p40 mRNA (3.6-fold) and IL12p40 secretion by 3T3-L1 adipocytes (Fig. 3A) . Furthermore, we also confirmed that the IL-12 receptor (composed of IL-12R␤1 and IL-12R␤2 subunits) is expressed in 3T3-L1 adipocytes by RT-PCR (C T values: actin ϭ 18.0, IL-12R␤1 ϭ 32.1, IL-12R␤2 ϭ 34.3). LSF is an anti-inflammatory agent that has been demonstrated to decrease 12/15-LO expression in adipocytes from Zucker obese rats (7) . LSF reduces IL-12 signaling and consequent STAT4 activation, thereby decreasing inflammation and improving insulin sensitivity (7, 29, 43) . When 3T3-L1 adipocytes were pretreated and incubated with 10 M LSF, tunicamycin-induced 12/15-LO protein expression and 12(S)-HETE secretion was decreased significantly, with concomitant significant reduction in BiP and CHOP expression as well as reduced spliced XBP-1 expression (Fig. 3, B-D) . Furthermore, addition of an IL-12p40-neutralizing antibody significantly attenuated tunicamycin-induced total and spliced XBP-1 expression and reduced CHOP and WFS1 expression (Fig. 3E) , consistent with a role of IL-12 in inducing ER stress.
Given that IL-12 signaling appears to be a component of the ER stress response, we added 2.5 ng/ml IL-12 cytokine to 3T3-L1 adipocytes for 24 h and measured ER stress gene expression. Similarly to the 12(S)-HETE and 12(S)-HPETE experiments, we observed significantly increased expression of CHOP (1.7-fold), WFS1 (1.7-fold), and total XBP-1 (1.4-fold) and a trend for increased expression of BiP (1.5-fold) and spliced XBP-1 (1.6-fold) (Fig. 3F) .
ER stress and 12/15-LO impair adiponectin, C/EBP␣, and ATF3 expression. ER stress is accompanied by insulin resistance in part through its downregulation of the insulin-sensitizing adipokine adiponectin in 3T3-L1 adipocytes (41) . We have also reported previously that 12/15-LO induces insulin resistance and decreases expression of adiponectin (6, 25) . Twenty-four-hour treatment with 5 M tunicamycin or 10 nM 12(S)-HETE reduced adiponectin protein expression (Fig. 4A) . CDC pretreatment prevented the tunicamycin-induced downregulation of adiponectin, and this effect could be reversed by the addition of 12(S)-HETE (Fig. 4A ). This provides evidence that 12/15-LO is one of the key players in ER stress-mediated downregulation of adiponectin expression.
Given that adiponectin expression is reduced by ER stress and 12/15-LO, we sought to determine whether adiponectin expression was modulated through a common pathway. The and protein measurements (B and C) of ER stress markers were examined. The mRNA measurements were done by RT-PCR and protein measurements done by Western blot analysis. Representative Western blots are shown, and separate panels for each antibody represent the same exposure from the same gel (B and C). All data were normalized to total actin, and the fold changes in expression were calculated relative to EtOH control. All data represent means Ϯ SE; n ϭ 3. *P Ͻ 0.05, †P Ͻ 0.02, and #P Ͻ 0.001 vs. control. BiP, binding immunoglobulin protein; CHOP, CCAAT/enhancer-binding protein homologous protein; WFS1, Wolfram syndrome 1; XBP-1, X-box protein-1; P, phosphorylated; PERK, RNA-dependent protein kinase-like ER-regulated kinase; eIF2␣, eukaryotic translation initiation factor 2␣; ATF4 and -6, activating transcription factor 4 and 6, respectively; IRE1␣, inositol-requiring enzyme 1␣. transcription factor C/EBP␣ is important during adipogenesis to promote insulin sensitivity by inducing adiponectin expression (5, 32), and C/EBP␣ expression is inhibited by CHOP (23). Thus we investigated whether 12/15-LO modulates C/EBP␣ during the ER stress response to regulate adiponectin levels. 12(S)-HETE alone was able to slightly reduce C/EBP␣ protein levels (Fig. 4A) . Furthermore, pretreatment with CDC partially prevented tunicamycin-induced downregulation of C/EBP␣, and importantly, addition with 12(S)-HETE restored this tunicamycin effect (Fig. 4A) .
ATF3 may also provide another link explaining the mechanism behind ER stress and 12/15-LO regulation of adiponectin expression. ATF3 is induced by the PERK UPR arm of the ER stress pathway and has been shown to negatively regulate adiponectin expression in adipocytes (16, 19, 31) . We saw a 1.8-fold enhancement of ATF3 mRNA expression in 3T3-L1 adipocytes treated with 10 nM 12(S)-HETE for 24 h (Fig. 4B) . Furthermore, tunicamycin-induced upregulation of ATF3 was attenuated with CDC pretreatment (Fig. 4C) . These results support the hypothesis that 12/15-LO participates in ATF3-induced metabolic changes.
In summary, these results demonstrate that ER stress and 12/15-LO modulate adiponectin expression through several common pathways, such as C/EBP␣ and ATF3.
12/15-LO-deficient mice fed a high-fat diet display reduced ER stress in adipocytes, pancreatic islets, and liver.
To determine whether 12/15-LO is important in modulating ER stress in an in vivo setting, we placed wild-type BL6 and 12/15-LOdeficient (12-LO KO) mice on a normal chow or high-fat diet for 16 wk and measured ER stress gene expression. Both BL6 and 12-LO KO exhibited similar weight gain at the end of the 16-wk diet regimen (Fig. 7A) , thus ruling out the effect of differences in body weight on gene expression. In chow-fed mice, there were variable changes in ER stress markers in adipocytes from BL6 and 12-LO KO mice (Fig. 5A) . Whereas BiP mRNA expression was significantly higher in adipocytes from the chow-fed 12-LO KO mice compared with the chow-fed BL6 mice, BiP expression was significantly decreased in adipocytes from high-fat diet-fed compared with chow-fed 12-LO KO mice (Fig. 5A ). In addition, BiP expression increased significantly in adipocytes from the high-fat diet-fed compared with chow-fed BL6 mice, indicating UPR activation in adipocytes from BL6 mice fed a high-fat diet ( Fig. 5A) . Of note, significant decreases in mRNA expression for CHOP, total XBP-1, spliced XBP-1, ATF4, and ATF6 were observed in adipocytes from HFD-fed vs. chowfed 12-LO KO mice but not high-fat diet-vs. chow-fed BL6 mice (Fig. 5A) .
Mori et al. (24) reported that inflammation in the adipose tissue precedes the development of inflammation elsewhere and thus can act as an early indicator for development and progression of disease in other tissues, such as ␤-cell failure and liver dysfunction. Therefore, we evaluated pancreatic islets and liver from BL6 and 12-LO KO mice fed a chow or high-fat diet to ascertain whether 12/15-LO deficiency could protect peripheral tissues from the ER stress response known to be induced by a high-fat diet (9) . Pancreatic islets exhibited upregulation of BiP, CHOP, spliced XBP-1, and ATF3 in high-fat diet-fed wild-type BL6 mice compared with chow-fed BL6 mice (Fig. 5B) . In contrast, these genes were downregulated in pancreatic islets from both chowand high-fat diet-fed 12-LO KO mice (Fig. 5B) . Additionally, in a similar manner, pancreatic islets isolated from 8-wk-old male BL6 and 12-LO KO mice revealed that 12/15-LO deficiency significantly reduced tunicamycin-induced expression of BiP, WFS1, total XBP-1, ATF3, and ATF4 (Fig. 6C) . Finally, spliced XBP-1 was decreased significantly in the liver from high-fat diet-fed 12-LO KO mice (Fig. 5C ). Thus 12/15-LO deficiency in mice prevents high-fat diet-induced upregulation of some key ER stress response genes in peripheral tissues such as pancreatic islets and liver.
Finally, to evaluate an in vivo role of IL-12 in the ER stress response, we measured IL-12p40 mRNA expression in adipocytes, pancreatic islets, and liver and secreted IL-12p40 protein in serum from BL6 and 12-LO KO mice on a chow or high-fat diet. IL-12p40 mRNA expression was reduced significantly in adipocytes, but no significant changes were observed in pancreatic islets or liver (IL-12p40 mRNA was below the level of detection in chow groups; Fig. 7B ). In addition, IL-12p40 in serum showed a trend toward increasing in high-fat diet-fed BL6 mice, but interestingly, IL-12p40 expression remained low in high-fat diet-fed 12-LO KO mice (Fig. 7C) . Finally, analysis of IL-12p40 expression in isolated adipocytes and pancreatic islets from normal 8-wk-old mice revealed that 12/15-LO deficiency significantly decreased tunicamycin-induced expression of IL-12p40 (Fig. 7D) .
DISCUSSION
Visceral adiposity is of serious concern since it is associated with chronic low-grade inflammation, which promotes adi- Fig. 3 . ER stress signals through IL-12 and is attenuated by the anti-inflammatory agent lysofylline (LSF). A-E: 3T3-L1 adipocytes were treated with 5 M tunicamycin or DMSO solvent control for 24 h, pretreated for 2 h, and coincubated with the anti-inflammatory compound LSF (10 M) or with 2 g/ml IL-12p40 antibody (Ab). F: 3T3-L1 adipocytes were treated with 2.5 ng/ml mouse IL-12 cytokine for 24 h. mRNA (A, B, E, and F) and protein measurements (C) of IL-12p40, ER stress markers, and 12/15-LO were examined. IL12p40 (A) and 12(S)-HETE (D) were measured in media cultured with treated 3T3-L1 adipocytes by ELISA. The mRNA measurements were done by RT-PCR and protein measurements done by Western blot analysis; the data were normalized to total actin, and the fold changes in expression were calculated relative to DMSO control. Representative Western blots are shown, and separate panels for each antibody represent the same exposure; however, samples for BiP and corresponding actin were run on different gels and clearly demarcated (C) (see MATERIALS AND METHODS for quantitation). All data represent means Ϯ SE; n ϭ 3. Statistics were performed, comparing each treatment with control as well as tunicamycin with tunicamycin ϩ LSF/Ab; only statistically significant results are shown. *P Ͻ 0.05, †P Ͻ 0.02, and #P Ͻ 0.001 vs. control unless otherwise indicated. pocyte dysfunction, insulin resistance, and ␤-cell damage. Inflammation also plays a key role in modulating the ER stress response, which is associated with the above pathologies. We demonstrate here for the first time that 12/15-LO is a novel inflammatory pathway regulating the ER stress response in key tissues, including adipocytes. The 12(S)-HETE and 12(S)-HPETE products of 12/15-LO can upregulate ER stress markers associated with each branch of the UPR in a manner consistent with reported in vivo ER stress induction in obese patient or mouse adipose tissue (3, 13, 34, 39) .
12/15-LO exerts proinflammatory responses in part by upregulating the expression of IL-12 in activated inflammatory cells (6, 22, 38, 40) . Previous studies demonstrate that 12/ 15-LO and its products can also induce IL-12 expression, STAT4 phosphorylation, and JNK1 activation in adipocytes (6, 7) . Prolonged UPR activation is accompanied by activation of the JNK1 and NF-B pathways, which upregulate expression of inflammatory genes, including IL-12, and promote insulin resistance (12, 14, 38) . Although the role of IL-12 in ER stress-induced inflammation remains to be determined, we show here that IL-12 induced expression of ER stress genes, was upregulated by tunicamycin, and was decreased significantly by 12/15-LO deficiency. The anti-inflammatory smallmolecule drug LSF, which exerts its role primarily by decreasing IL-12-induced activation of STAT4 (43), reduced 12/15-LO expression and activity along with many aspects of the ER stress response in tunicamycin-treated 3T3-L1 adipocytes. Additionally, IL-12-neutralizing antibodies also attenuated tunicamycin-induced ER stress. These results suggest that ER stress may involve 12/15-LO-mediated JNK1 and NF-B activation and subsequent inflammatory consequences in part through IL-12 and STAT4 signaling. However, it remains to be determined the extent to which JNK1 activates ER stress and vice versa (15) .
12/15-LO activation plays a role in impairing insulin sensitivity. Mice deficient in 12/15-LO are protected from systemic insulin resistance and reductions in adiponectin expression induced by a high-fat diet in wild-type mice, whereas weight gain is not affected (25, 33) . Addition of 12/15-LO products to 3T3-L1 adipocytes led to reduced adiponectin expression and insulin resistance (6) . In this study, we demonstrate further that ER stress and 12/15-LO products can modulate C/EBP␣ and ATF3 expression, leading to decreased adiponectin expression (5, 16, 19, 23, 31, 32) . This area is far less understood, and there are likely additional mechanisms by which ER stress and 12/15-LO can decrease insulin sensitivity.
The in vitro 3T3-L1 data provide support for a role of 12/15-LO in mediating ER stress responses. To determine the in vivo significance of these data, we measured ER stress induction in BL6 and 12-LO KO mice fed a high-fat diet. In contrast to reports describing upregulation of ER stress genes in adipose tissue under obese conditions (3, 13, 27, 28, 34) , most of the ER stress markers were unchanged in BL6 mice fed a chow or high-fat diet. A likely explanation accounting for these differences is that our study examined isolated epididymal adipocytes instead of whole adipose tissue. Whole fat is a complex heterogeneous tissue comprising adipocytes and the stromal vascular compartment containing preadipocytes, leukocytes, macrophages, fibroblasts, and endothelial cells. Further study of whole adipose tissue from these mice will likely begin to reveal significant changes in ER stress gene expression. In fact, the study published by Sharma et al. (34) compared ER stress gene expression of subcutaneous adipose tissue and isolated adipocytes from patients and observed that significant positive correlations between high ER stress gene expression and increasing body mass index or percent fat were lost in the adipocyte fraction. Thus the complex milieu and interactions that make up the adipose tissue suggest that analysis of isolated adipocytes from an in vivo setting requires analysis of each of its various cell types. In addition, we observed that 12-LO KO mice exhibit a trend for elevated ER stress gene expression in epididymal adipocytes from mice fed a normal Fig. 5 . 12/15-LO deficiency protects mouse adipocytes, pancreatic islets, and liver from several aspects of the high-fat diet-induced ER stress response. Eight-week-old C57BL/6 (BL6) and 12/15-LO-deficient (12-LO KO) male mice were placed on a chow or high-fat diet (HFD) for 16 wk. Epididymal adipocytes (A), pancreatic islets (B), and liver (C) were isolated, and mRNA measurements by RT-PCR were performed for ER stress genes. All data were normalized to actin, and fold changes in expression were calculated relative to BL6-CHOW control. All data represent means Ϯ SE; n ϭ 5 mice/group. Statistics were performed, comparing each group with BL6-CHOW control as well as 12-LO KO-CHOW with 12-LO KO-HFD and BL6-HFD with 12-LO KO-HFD; only statistically significant results are shown. *P Ͻ 0.05, †P Ͻ 0.02, and #P Ͻ 0.001 vs. control unless otherwise indicated.
chow diet compared with high-fat diet-fed mice. Mouse 12/15-LO generates proresolving anti-inflammatory lipoxins in mice fed a normal chow diet (21) . However, hyperlipidemia induced by high-fat feeding leads to disruption of this protective function of 12/15-LO, leading to generation of proinflammatory lipid products (21) . Thus, in the chow-fed 12-LO KO mice, loss of lipoxin production may further explain the increased ER stress response in the adipocytes. However, of significance, we were able to observe that 12/15-LO deficiency led to significant decreases of spliced XBP-1 mRNA in adipocytes from high-fat diet-fed 12-LO KO mice compared with other groups. This trend was also observed in the liver and is important because hyperlipidemia from an excessive diet can lead to fatty liver and ER stress in the liver, both of which are associated with insulin resistance and ensuing type 2 diabetes (27, 37, 39) . Indeed, XBP-1 regulates lipid metabolism. Mice with a specific deletion of XBP-1 in the liver exhibited decreased serum cholesterol and triglyceride levels and protection from hepatic steatosis (20) . Therefore, reduced spliced XBP-1 may be sufficient to protect 12-LO KO mice from the deleterious consequences of high-fat diet-induced ER stress since activation of XBP-1 Fig. 6 . 12/15-LO deficiency attenuates tunicamycin-induced ER stress in isolated adipocytes and pancreatic islets. Adipocytes and pancreatic islets were isolated from 8-wk-old BL6 and 12-LO KO male mice and treated with 5 M tunicamycin or DMSO solvent control for 4 or 24 h. A-C: mRNA measurements of ER stress markers were examined and done by RT-PCR; the data were normalized to total actin. Each bar indicates the tunicamycin-induced fold change in expression relative to DMSO control of the same genotype. All data represent means Ϯ SE; n ϭ 4 mice/group. *P Ͻ 0.05, †P Ͻ 0.02, and #P Ͻ 0.001 vs. BL6 ϩ tunicamycin control.
is a key downstream event of the UPR in modulating ER stress.
In addition, we examined ER stress induction in pancreatic islets, another key target tissue of visceral obesity. 12/15-LO deficiency significantly protected the pancreatic islets from ER stress induction when the mice were fed a high-fat diet. A marked inhibition of high-fat diet-induced CHOP and spliced XBP-1 mRNA expression was observed in the 12-LO KO pancreatic islets compared with BL6 controls. This is consistent with a report demonstrating that CHOP deficiency in db/db mice promotes ␤-cell survival (35) and the notion that 12/ 15-LO signals through XBP-1. This is a very interesting finding in the context of diabetes because the insulin-producing ␤-cells found in pancreatic islets are under increased demand to produce more insulin to compensate for insulin resistance, leading to disruption of ER homeostasis. In preliminary findings, we also found that 12(S)-HETE was able to upregulate ER stress genes in the mouse ␤TC3 and Min6 pancreatic ␤-cell lines as well as isolated human pancreatic islets (data not shown).
Chronic dysfunction of adipose tissue induced by obesity may lead to ER stress in peripheral tissues. New studies reveal that an early inflammatory response in adipose tissue precedes the development of insulin resistance and thus disease progression in peripheral organs (24) . This is interesting given that the 4-h tunicamycin treatment of isolated BL6 and 12-LO KO adipocytes showed significant differences in ER stress activation compared with the 24-h time point. This early protection in adipocytes may account for protection seen at the systemic level in pancreatic islets. In addition, circulating IL-12p40 levels mimicked IL-12p40 mRNA levels seen in adipocytes. Given that the volume of adipose tissue is much larger than certain peripheral tissues, such as pancreatic islets, changes in adipose tissue gene expression may more significantly impact circulating systemic cytokine levels. Thus serum IL-12p40 level may be more influenced by IL-12p40 secretion from adipose tissue. Future studies examining 12/15-LO deletion in adipose tissue will reveal the local and systemic role of fat 12/15-LO.
Since 12/15-LO deficiency and a LO inhibitor do not completely prevent tunicamycin-induced ER stress in adipocytes, there are likely other mechanisms in addition to induction of 12/15-LO that mediate ER stress by this agent. Our results demonstrate that LSF is able to attenuate tunicamycin-induced ER stress more efficiently that CDC, suggesting that 12/15-LO-independent regulation of IL-12 may also be important for ER stress responses. In addition, further studies will be needed to determine which is the initiating event, 12/15-LO activation, inflammation, ER stress, or all of the above (see Fig. 8 ).
In summary, we provide evidence for the first time that activation of 12/15-LO can lead to the ER stress response. Chronic 12/15-LO activation associated with obesity can lead to excessive ER stress and its deleterious inflammatory consequences in several key metabolic tissues. Therefore, blockade of 12/15-LO activation or downstream IL-12 signaling may provide a new therapeutic strategy in alleviating inflammation, ␤-cell dysfunction, and insulin resistance associated with ER stress, thereby reducing metabolic complications associated with visceral adiposity.
